Administering an urban boundary (UB) is increasingly important for curbing disorderly urban land expansion. The traditionally manual digitalization is time-consuming, and it is difficult to connect UB in the urban fringe due to the fragmented urban pattern in daytime data. Nighttime light (NTL) data is a powerful tool used to map the urban extent, but both the blooming effect and the coarse spatial resolution make the urban product unable to meet the requirements of high-precision urban study. In this study, precise UB is extracted by a practical and effective method using NTL data and Landsat 8 data. Hangzhou, a megacity experiencing rapid urban sprawl, was selected to test the proposed method. Firstly, the rough UB was identified by the search mode of the concentric zones model (CZM) and the variance-based approach. Secondly, a buffer area was constructed to encompass the precise UB that is near the rough UB within a certain distance. Finally, the edge detection method was adopted to obtain the precise UB with a spatial resolution of 30 m. The experimental results show that a good performance was achieved and that it solved the largest disadvantage of the NTL data-blooming effect. The findings indicated that cities with a similar level of socio-economic status can be processed together when applied to larger-scale applications.
Introduction
In the background of global urbanization, urbanization impacts on the natural ecosystems and social systems are increasingly concerning [1] [2] [3] . The urbanization rate in China almost doubled to 56.1% in 2015 compared to that of 1980. It is vital to distinguish these urban boundaries (UBs), especially in developing countries [4] . China's Ministry of Land and Resource pointed out that there is an urgent need to identify urban boundaries (UBs) in megacities, such as Beijing, Shanghai, Guangzhou, and Hangzhou. UBs are lines that encompass the urban land cover in a limited extent, which include urban green space, urban impervious surfaces, urban waters, and so on. Once these UB(s) have been delineated, the new built-up land will be limited inside the UB. All in all, UB is a very important concept in urban planning, especially in developing countries. In addition to the applications in urban planning, it is also important that scientific research needs to delimit urban areas, such as the different protection goals for urban and rural ecosystem services [5] . However, few studies have aimed at delineating UB.
In urban planning, UBs are usually derived from manual digitalization from remote sensing (RS) imagery. It is troublesome work and cannot meet the requirements of large-scale future urban planning work. The classification in RS is the most common method to extract urban areas [6] [7] [8] , but classification Remote Sens. 2018, 10, 799 3 of 20 to encompass the precise UB; and (3) delineation of the precise UB utilizing the revised Canny edge detection algorithm in the urban fringe [32] [33] [34] . The UB extraction method will be verified by accuracy assessments and comparative analyses. The suitability of the mechanism and the universality of our proposed method will be elaborated in the discussion section. In the final section, conclusions and future works are provided.
The Study Area and Background Knowledge
2.1. Definition of Urban, Rural Area, and Urban Boundary UB is considered as the demarcation line between urban and rural areas. However, a general definition of UB is absent since the term urban and rural have different definitions in different fields [35, 36] . In this work, we defined urban and rural from the perspective of RS. According to previous studies, the scattered impervious surfaces are the most distinctive feature of rural areas [37] . Therefore, the rural area should consist mainly of two parts: one is the continuous vegetation area (with no NTL), and the other is the scattered impervious surfaces (with lower NTL intensity). On the other hand, the region which mainly contains continuous impervious surfaces with high NTL intensity are defined as urban areas. UB is an extent which encompasses urban green space, urban lakes and rivers, and urban impervious surfaces.
Study Area
Our study area is Hangzhou (Figure 1 ), Eastern China, with a population of 9 million. Hangzhou is the metropolis city for Zhejiang Province, experiencing rapid urban sprawl and socio-economic development. To represent the rate of urban sprawl more directly, we only selected the nine municipal districts in Hangzhou, representing an approximate area of 4876 km 2 . The region covers several municipal centers with heterogeneous development activities, such as Fuyang, Yuhang district, and so on.
It is crucially important to note that the satellite city of Hangzhou (Fuyang in the southwestern part) is different from the other eight municipal districts due to its inferior socio-economic state. Therefore, the whole study area can be divided into two parts: Fuyang (the satellite city) and the other eight districts (main city). Over the past decades, the urban built-up area in Hangzhou has increased by nearly five times. This makes Hangzhou an ideal study area, as distinguishing UB will help understand the disorderly urban sprawl.
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Study Area
It is crucially important to note that the satellite city of Hangzhou (Fuyang in the southwestern part) is different from the other eight municipal districts due to its inferior socio-economic state. Therefore, the whole study area can be divided into two parts: Fuyang (the satellite city) and the other eight districts (main city). Over the past decades, the urban built-up area in Hangzhou has increased by nearly five times. This makes Hangzhou an ideal study area, as distinguishing UB will help understand the disorderly urban sprawl. 
Methodology
We developed a step-by-step framework to extract the UB (Figure 2 ) that implements a rapid, broad-scale application, whilst providing relatively accurate results. The first step was to remove the distortion in the radiance image followed by the deletion of abnormal points in the NTL data. The VANUI index was subsequently calculated, permitting the location of the rough UB by the CZM searching mode and variance-based approach. Then, an inside and outside buffer was developed along both sides of the rough UB to incorporate almost all of the blooming effect and the underestimation area. Finally, the revised edge detection method allowed for a precise and continuous UB.
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Figure 2.
The framework proposed for this study.
Data and Image Preprocessing
Given the relatively large size of Hangzhou and the higher spectral resolution of the Landsat data compared with other high spatial resolution images, the 27 July 2016 image of Landsat 8 OLI was selected (www.earthexplorer.usgs.gov) which includes nine spectral bands (six multispectral bands, two thermal bands, and one panchromatic band). Additionally, in the summer, the flourishing vegetation makes the boundary between the urban and vegetation areas more apparent. The NPP/VIIRS NTL datum of July 2016 was obtained from the NOAA website (https://www.ngdc.noaa.gov/eog/viirs/download_dnb_composites.html). The NPP/VIIRS datum was selected because of its higher spatial (about 500 m at Hangzhou's latitude) and radiometric (14 bit) resolution compared to the DMSP/OLS datum. The unit of NTL intensity value is nW/cm 2 /sr. Furthermore, the 24 July 2016 image of Gaofen1 (GF1) was selected as the reference data, which includes four multispectral bands with a spatial resolution of 8 m.
The radiometric calibration was applied to the Landsat 8 multispectral imagery and the Fast Line-of Sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) software package was adopted for atmospheric correction. Both radiometric calibration and atmospheric correction were carried out using ENVI software (Exelis Visual Information Solutions., Broomfield, CO, USA), version 5.1. The released NPP/VIIRS NTL datum was not filtered to remove lights from aurora, fires, boats, and other temporal lights, so pixels with abnormal values existed in the NTL Data. Based on the previous studies, we assumed the negative digital number (DN) values were caused by the background noise and outliers from data processing. The Xiaoshan airport in the suburban area, which can easily be distinguished by its shape and size in the Landsat 8 imagery, was removed from 
The radiometric calibration was applied to the Landsat 8 multispectral imagery and the Fast Line-of Sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) software package was adopted for atmospheric correction. Both radiometric calibration and atmospheric correction were carried out using ENVI software (Exelis Visual Information Solutions., Broomfield, CO, USA), version 5.1. The released NPP/VIIRS NTL datum was not filtered to remove lights from aurora, fires, boats, and other temporal lights, so pixels with abnormal values existed in the NTL Data. Based on the previous studies, we assumed the negative digital number (DN) values were caused by the background noise and outliers from data processing. The Xiaoshan airport in the suburban area, which can easily be distinguished by its shape and size in the Landsat 8 imagery, was removed from the NTL data because, in the first place, the airport is not in the urban domain and, in the second place, the NTL intensity of the airport is excessively high compared to that of urban areas. The excessively high NTL DN in the airport would obscure the urban light. The highest NTL DN of the remaining part was 72.8 nW/cm 2 /sr. The position of the 72.8 nW/cm 2 /sr in the NTL data was in the Wulin square-one of the widely accepted urban centers in Hangzhou. Pixels with DN value less than 0 nW/cm 2 /sr were also removed. Following this, the NTL image was resampled to 390 m-13 fold the value of the Landsat 8 resolution through the nearest neighbor method. It ensured that an NTL pixel covered 169 Landsat 8 pixels. A Universal Transverse Mercator (UTM) projection with zone 16 and the WGS84 datum were applied to all the RS data.
VANUI: An Index for Enhancing the Variance in the Urban Pattern
The VANUI is an index proposed by Zhang et al. [29] , which combines the DMSP/OLS with the NDVI derived from the MODIS data. The NTL DN decreased as the vegetation index increased from urban to rural area. In the urban fringe, both the decreasing and increasing trends were more significant and then amplified further by Equation (1) . VANUI was derived from the following equation:
To obtain an improved spatial resolution product, the MODIS data was replaced by Landsat 8 OLI at a spatial resolution of 30 m. In the urban fringe, the NDVI tended to saturate along with the increasing vegetation density for the saturation effect of NDVI in high-density vegetation [29] . Therefore, we replaced the NDVI with EVI because EVI has less of a saturation effect. The NTL datum was normalized by the highest and lowest value for constraining the domain of values between 0 and 1, which have almost the same domain as the EVI. The normalized NTL was defined as follows:
Finally, the VANUI was defined as Equation (3):
The resampled NTL data with a spatial resolution of 390 m was converted to VANUI with a spatial resolution of 30 m (Figure 3 ). The detailed edge information in Figure 3 was provided by the EVI from the Landsat 8 imagery, and the NTL DN indicated the background brightness. the NTL data because, in the first place, the airport is not in the urban domain and, in the second place, the NTL intensity of the airport is excessively high compared to that of urban areas. The excessively high NTL DN in the airport would obscure the urban light. The highest NTL DN of the remaining part was 72.8 nW/cm 2 /sr. The position of the 72.8 nW/cm 2 /sr in the NTL data was in the Wulin square-one of the widely accepted urban centers in Hangzhou. Pixels with DN value less than 0 nW/cm 2 /sr were also removed. Following this, the NTL image was resampled to 390 m-13 fold the value of the Landsat 8 resolution through the nearest neighbor method. It ensured that an NTL pixel covered 169 Landsat 8 pixels. A Universal Transverse Mercator (UTM) projection with zone 16 and the WGS84 datum were applied to all the RS data.
The resampled NTL data with a spatial resolution of 390 m was converted to VANUI with a spatial resolution of 30 m (Figure 3 ). The detailed edge information in Figure 3 was provided by the EVI from the Landsat 8 imagery, and the NTL DN indicated the background brightness. 
Creating the Concentric Zones
Previous studies paid less attention to the variation of NTL DN within a city, which was brought by the new generation of NTL data-NPP/VIIRS. The DMSP/OLS data cannot represent the variation owing to the saturation effect. The abrupt change points method was adopted to find the urban fringe. Regions far from urban centers with fragmented landscapes will be recognized as urban fringe [38] . In this study, we revised the search mode applied in previous studies when identifying abrupt change points. The value of the NTL data decreased from the highest to the lowest and, at the same time, established a considerable number of concentric zones (see Figure 4) . The unique feature of the NTL data was called the concentric zone model. The central point of these concentric zones was the location of the highest NTL DN if the city had only one municipal center. When referring to the study area with several municipal centers, the number of central points in these concentric zones equaled the number of municipal centers. The sites of these central points were the locations of the highest NTL DN in these concentric zones, respectively.
According to the theory of CZM, the number of concentric zones was defined as follows:
Here, the denominator represents the interval of the NTL DN of two neighboring concentric zones in CZM. In our case study, we set the interval as 0.1. NTL max and NTL min were the highest and lowest value of NTL DN, respectively. Utilizing the CZM to search for the abrupt change points in the urban fringe provided a rapid and convenient method, compared to previous research [39] .
Remote Sens. 2018, 10, x FOR PEER REVIEW 6 of 20
Deriving the Rough UB by CZM and Variance
Creating the Concentric Zones
Here, the denominator represents the interval of the NTL DN of two neighboring concentric zones in CZM. In our case study, we set the interval as 0.1. NTLmax and NTLmin were the highest and lowest value of NTL DN, respectively. Utilizing the CZM to search for the abrupt change points in the urban fringe provided a rapid and convenient method, compared to previous research [39] . . This diagram takes the study area with several municipal centers as an example to illustrate the principle of the concentric zone model (CZM). In our study, 728 concentric zones were established (interval = 0.1 nW/cm 2 /sr). Taking two concentric zones, for the example, the red part represents the concentric zone derived from the NTL digital number (DN) range between 72.8 (the highest NTL DN of the study area) and 30 nW/cm 2 /sr. The red and the yellow parts represent another concentric zone derived from the NTL DN range between 72.8 and 20 nW/cm 2 /sr.
Searching the Rough UB through CZM and Variance
The procedures of searching rough UB can be divided into four steps. Firstly, we clipped the VANUI image through all of the concentric zones that were established in Section 3.3.1, respectively. The times of the clippings equaled the number of concentric zones (N in Equation (4)) and were also equal to the number of the sub-regions of the VANUI image. After the clipping, we obtained N sub- . This diagram takes the study area with several municipal centers as an example to illustrate the principle of the concentric zone model (CZM). In our study, 728 concentric zones were established (interval = 0.1 nW/cm 2 /sr). Taking two concentric zones, for the example, the red part represents the concentric zone derived from the NTL digital number (DN) range between 72.8 (the highest NTL DN of the study area) and 30 nW/cm 2 /sr. The red and the yellow parts represent another concentric zone derived from the NTL DN range between 72.8 and 20 nW/cm 2 /sr.
The procedures of searching rough UB can be divided into four steps. Firstly, we clipped the VANUI image through all of the concentric zones that were established in Section 3.3.1, respectively. The times of the clippings equaled the number of concentric zones (N in Equation (4)) and were also equal to the number of the sub-regions of the VANUI image. After the clipping, we obtained N sub-regions of the VANUI image, accordingly. Taking our study area as an example, in Figure 4 , the VANUI image was clipped through the concentric zone derived from the NTL DN range between 72.8 and 20 to obtain a corresponding sub-region of the VANUI image.
Secondly, the variance (V) was an effective index which represents the dispersion degree of the data, hence, we introduced it to depict the dispersion degree of these sub-regions of the VANUI image. The variance was defined as follows:
Here, N is the number of pixels in the sub-region of the VANUI image, DN i is the value of the ith pixel in the sub-region, and NTM is the mean value.
Thirdly, we attempted to find the rough extent of the urban area from rural areas to urban centers through the CZM searching mode and variance-based method. In the beginning, the first concentric zone covered the whole study area, and the outer edge of the first concentric zone was situated in pure vegetation. Taking our study area as an example (Figure 4 ), the first concentric zone was derived from the NTL DN range between 72.8 and 0 nW/cm 2 /sr. Therefore, the variance of the corresponding sub-region was low ( Figure 5 ). Next, we reduced the area of the concentric zone by changing the NTL DN range. Taking our study area as an example, the second, third, and fourth concentric zones were derived from the NTL DN range, which correspond to 72.8 to 0.1, 72.8 to 0.2, and 72.8 to 0.3 nW/cm 2 /sr, respectively. The variance of the corresponding sub-regions of the VANUI image increased because the land cover situation became complex. We continued to reduce the area of the concentric zone by changing the NTL DN range until the corresponding variance of the sub-region reached the top. In our case study, the maximum variance is 21,805 ( Figure 5 ). At this time, the outer edge of the CZM search mode touched the region with the most complex land cover situation. It was the transition zone between continuous impervious surfaces (urban) and the rural area. Hence, we reckoned that the CZM search mode reaches the rough UB. Based on the sub-region with the highest variance, we can obtain the corresponding concentric zone-rough extent of the urban area, the corresponding concentric zone was derived from the NTL DN range between 72.8 and 7.1 nW/cm 2 /sr in our case study. Actually, it is the process of searching for the optimized threshold on NTL data to extract the urban area. Finally, the raster feature of the rough extent was converted to a polygon feature-rough UB.
Taking our study area as an example (Figure 4 ), the last concentric zone was derived from the NTL DN range between 72.7 and 72.8 (interval = 0.1 nW/cm 2 /sr). After finishing the CZM search mode, we obtained the relationship between the variance of the sub-regions and NTL (see Figure 5 ). The spatial unit is a key element in determining the relationship between the variance of sub-regions and NTL. In order to make our approach more robust, the VANUI image was resampled to several different resolutions through the nearest neighbor method to test whether the relationship varies with the change of the spatial unit. We also tested whether the NTL with the highest variance varies with the spatial unit. To make the result more intuitive, we multiplied the VANUI image by 1000. All of the processes in Section 3.3 were accomplished by programming in IDL (version 8.3). Figure 5 validated the robustness of CZM search mode. We determined that the fluctuations of variance and the optimized threshold (7.1 nW/cm 2 /sr) did not vary with the change of spatial resolution in the VANUI image. 
The Buffer Area Around the Rough UB
In Section 3.3.2, the rough UB was obtained through the corresponding concentric zone which was derived from the NTL DN range. Section 3.3.2 demonstrated the procedures for searching the optimized threshold. We reckoned that the UB required ("precise" UB) is near the rough UB within a certain distance because of the reasonable accuracy of the threshold method. Previous studies had indicated that both overestimation and underestimation of an urban area can exist even within a single city. The differences between precise UB and rough UB are the overestimation and underestimation of the urban area. Therefore, we constructed two regions along both sides of the rough UB to encompass the two areas.
As we mentioned in the introduction, most of the differences between precise UB and rough UB are overestimations and a small portion of the differences are underestimations because our study area is a megacity. The NTL DN intensity corresponded to the land cover types, such as impervious surfaces and vegetation. Therefore, we first established a region through the NTL DN range to cover the underestimation area. Based on the relationship between NTL and the variance of sub-regions ( Figure 5 ), the upper limit of the NTL DN range is the optimized threshold because the direction of coverage is outside the rough UB. In our case study, the upper limit of the NTL DN range is always 7.1 nW/cm 2 /sr when establishing the region to cover the underestimation area. The area of the region was expanded by slightly reducing the lower limit of the NTL DN range until the region covered most of the underestimation area. In our study, we first set the lower limit as 7.0 and manually reduced the lower limit by 0.1 at a time (here we set interval as 0.1) until the region derived from the NTL DN range covered most of the underestimation area. Searching the other region for covering the overestimation area followed the same procedures. In our case study, the region covering the underestimation area was derived through the NTL DN range between 5.6 and 7.1, and the region covering the overestimation area was derived through the NTL DN range between 7.1 and 8.9. The whole area which includes the two regions are not a continuous space due to the characteristics of the NTL data. Hence, we established an inside and outside buffer along the rough UB to encompass the two regions. The two buffer areas together provided the whole buffer area.
Edge Detection Method to Get the Precise UB
The VANUI image was cropped by the buffer area (hereafter referred to as the cropped VANUI image). Noise reduction is a typical pre-processing step to improve the result of edge detection. Both 
The Buffer Area Around the Rough UB
Edge Detection Method to Get the Precise UB
The VANUI image was cropped by the buffer area (hereafter referred to as the cropped VANUI image). Noise reduction is a typical pre-processing step to improve the result of edge detection. Both the median filter and Gaussian filter are digital filtering techniques that are often used to remove noise from images. The Gaussian filter is a linear moving-window filter with Gaussian weight, but the median filter is a nonlinear filter. The original Gaussian filter in the Canny edge detection algorithm was replaced by the median filter. In the discussion section, the reasons for this replacement will be elaborated on. After the cropped VANUI image was filtered, the rest of the procedures of the edge extraction method generally follow the Canny algorithm [34] . The Canny edge detector is an edge detection operator that uses a multi-stage algorithm to detect a wide range of edges in image. It can extract useful structural information and reduce the amount of data to be processed. It has been widely applied in various computer vision systems. The intensity gradient (IG) was adopted to measure the spatial change in the cropped VANUI image [40] . The IG is a value for the first derivative in the horizontal direction (IG x ) and the vertical direction (IG y ). The IG can be determined by the following equation:
The edge direction was expressed as a value of the degree below:
Every pixel in the cropped VANUI image has a degree (angle of the θ). Thus, non-maximum suppression was adopted to obtain the narrow UB. The basic principle is that the only accepted points are the local maximum in the direction of the gradient. The high and low threshold values in the Canny algorithm are empirically determined and depend on the input image so that there are no universal threshold values [34] . The debugging of the two threshold values was an attempt to try to preserve stronger edge pixels (where the pixel's gradient value is higher than the high threshold value) for making the UB continuous and suppress the pixels that are smaller than the low threshold. The result derived from the edge detection method was a binary image. The value 1 indicated the edge information. The edge information was automatically converted to a polygon feature by the ArcScan tool in ArcGIS. The polygon feature was the precise UB that we want.
Comparative Analyses and Accuracy Assessment
There is no universally recognized UB product to validate the accuracy of our experiment. Hence, we manually delineated the UB carefully in the reference image, GF1. For one thing, the manually-digitalized UB was chosen as reference data because of the high accuracy of visual interpretation. For another, visual judgment is the optimal method to discriminate continuous urban impervious surfaces from scattered rural ones. In order to ensure the accuracy, manually-digitalized UB was carefully delineated based on the cadaster data, environment planning data, and land planning data.
Both manually-digitized UB and precise UB are line features instead of raster features. Thus, it is difficult to compare the accuracy between the two line features. We then divided the buffer area into two parts by the manually-digitalized UB, urban and non-urban. Next, the polygon feature was converted to a raster feature (raster layer 1). The same procedures were employed to the UB from our method for the subsequent accuracy assessments (raster layer 2). Raster layer 1 was selected as the ground truth image. The overall accuracy, user's and producer's accuracy, and the Kappa coefficient were conducted on the three regions (whole study area, the main city, and the satellite city) of raster layer 1 and layer 2, which were located in the buffer area [41] . The aim of this process was to make the accuracy assessments more meticulous and intuitive. Section 3.3 demonstrated the procedures of searching optimized threshold to generate rough UB. We also divided the buffer area into two parts by the rough UB (NTL DN range between 7.1 and 72.8 nW/cm 2 /sr in our study) and then converted it to a raster feature (raster layer 3). Raster layer 1 was selected as the ground truth image. The confusion matrix was also conducted on raster layer 1 and layer 3 in order to evaluate the performance of thresholding on NTL data.
The comparative analysis with thresholding on VANUI was performed. We sampled about 200 pixels in the urban fringe for searching the optimized threshold, and the optimized threshold was set as 200 (DN value in the VANUI image) according to the statistical results. Our study area was classified into urban areas and non-urban areas according to the threshold. Using the eliminate tool in ArcGIS 10.1, the urban patches that were smaller than 1 hectare were merged with the neighboring polygon that has the longest shared border or the largest area. The aim of this procedure was to remove the fragmented urban patches in the urban fringe. After the elimination, we can get the UB. This was an UB product with a spatial resolution of 30 m. We also divided the buffer area into two parts by the UB from thresholding on VANUI and then converted it to a raster feature (raster layer 4). Raster layer 1 was selected as the ground truth image. The confusion matrix was also conducted on raster layer 1 and layer 4 in order to evaluate the performance of thresholding on VANUI data.
The comparative analysis with the object-based image analysis (OBIA) method was performed. To ignore the fragmented landscape inside the urban areas, we only conducted OBIA on the cropped VANUI image. Image segmentation was performed using the multi-resolution segmentation in eCognition Developer 9. The selection of an appropriate value of scale was the most important, since it controlled the relative size of image object. We used the "trial and error" approach to select the optimal segmentation scale parameters (SP). Firstly, we produced the image object using a small scale (5) and a large scale (40) . The object was too small at 5 and was too large at 40. Then we increased the small SP and decreased the large SP until the image object fit with urban or non-urban objects. Finally, we found that the most appropriate scale was 20. Additionally, the default value of the shape and compactness were set as 0.1 and 0.5, respectively, in eCognition Developer 9. Three types of features were selected: spectral features, texture features, and geometry features. Spectral features included mean and standard deviation. Texture features included GLCM homogeneity, GLCM mean, GLCM dissimilarity, GLCM angular second moment, and GLCM entropy. Geometry features included area, length, roundness, and asymmetry. Feature space optimization (FSO) tools in eCognition were used to select the optimized features; it calculates an optimum feature combination based on selected samples. The high-resolution GF1 image was used to collect the sample data. We selected about 110 samples during this process. The nearest neighbor classifier was utilized to produce the classification result. The hierarchical structures were not explored because we only classified the cropped VANUI image into two classes: urban and non-urban. Raster layer 1 was selected as the ground truth image. The overall accuracy, user's and producer's accuracy, and the Kappa coefficient were conducted between raster layer 1 and the classification results from OBIA.
The visual comparisons were undertaken for comparing the UB from our method with the manually-digitalized UB by selecting two regions covered with both urban and continuous vegetation and two areas covered with both urban and rural areas, respectively.
Results
Delineation of the UB
The VANUI image (DN of VANUI image multiplied by 1000) was displayed in Figure 6a . The edge information of the urban fringe was obvious. The widths of the outside and inside buffer, which was established around the rough UB, were about 390 m and 780 m, respectively (see Figure 6b) . The different widths of the buffers were attributed to the characteristics of the study area (a megacity). The buffer area covered most of the overestimation and underestimation areas brought by the rough UB (threshold method). The precise UB is a product with a spatial resolution of 30 m. The urban area that consisted of most of the continuous urban impervious surfaces belonged to, and can fit into, the UB. The UB was consecutive and crosses the demarcation line between urban and continuous vegetation. In most cases, the continuous and scattered impervious surfaces were accurately separated by the precise UB (see Figure 7) . The results indicated a positive result for our method. It should be noted that the UB encompassed urban green spaces and urban waters inside it. For example, the West Lake and the Qiantang River traversing Hangzhou City were urban waters in the overall urban plans of the Hangzhou government. The differences proved our point regarding the UB in Section 2.1 and indicated that deriving the UB is different from the urban impervious surfaces extraction. Some urban green space had been extracted by our method because they are situated in the buffer area. The precise UB is a product with a spatial resolution of 30 m. The urban area that consisted of most of the continuous urban impervious surfaces belonged to, and can fit into, the UB. The UB was consecutive and crosses the demarcation line between urban and continuous vegetation. In most cases, the continuous and scattered impervious surfaces were accurately separated by the precise UB (see Figure 7) . The results indicated a positive result for our method. It should be noted that the UB encompassed urban green spaces and urban waters inside it. For example, the West Lake and the Qiantang River traversing Hangzhou City were urban waters in the overall urban plans of the Hangzhou government. The differences proved our point regarding the UB in Section 2.1 and indicated that deriving the UB is different from the urban impervious surfaces extraction. Some urban green space had been extracted by our method because they are situated in the buffer area. The precise UB is a product with a spatial resolution of 30 m. The urban area that consisted of most of the continuous urban impervious surfaces belonged to, and can fit into, the UB. The UB was consecutive and crosses the demarcation line between urban and continuous vegetation. In most cases, the continuous and scattered impervious surfaces were accurately separated by the precise UB (see Figure 7) . The results indicated a positive result for our method. It should be noted that the UB encompassed urban green spaces and urban waters inside it. For example, the West Lake and the Qiantang River traversing Hangzhou City were urban waters in the overall urban plans of the Hangzhou government. The differences proved our point regarding the UB in Section 2.1 and indicated that deriving the UB is different from the urban impervious surfaces extraction. Some urban green space had been extracted by our method because they are situated in the buffer area. 
Comparative Analyses and Accuracy Assessments
The accuracy assessments were conducted on the three regions of raster layer 1 and layer 2, which were located in the buffer area. The ability of the proposed method was confirmed with respect to the overall classification accuracies (Table 1) . In general, the non-urban and urban areas achieved over 90% of the user's accuracy and producer's accuracy in all of the three regions, with the exception of its satellite city. The overall accuracy for the whole area was 93.87%, and even reached a higher level of 95.03% in the main city of Hangzhou, while it decreased to 87.32% in the satellite city. Note: Raster layer 1 is a raster feature which was produced by the manually-digitalized UB (vector features). Raster layer 2 is a raster layer which was produced by the precise UB (vector features). The buffer area was divided into two parts by the manually-digitalized UB, urban and non-urban, and then the polygon feature was converted to a raster feature (raster layer 1). The same procedures were employed to the precise UB to get the raster layer 2. Raster layer 1 was selected as the ground truth image.
In the thresholding of NTL data, the optimal threshold value was set to 7.1 nW/cm 2 /sr-the value for determining the rough UB in Section 3.3. We found out that the accuracy and kappa index of our method (see Table 1 ) far exceeded the traditional thresholding method on NTL data (see Table 2 ). Note: Raster layer 1 is a raster feature which was produced by the manually-digitalized UB (vector features). Raster layer 3 is a raster layer which was produced by the UB from thresholding of NTL data (vector features). The buffer area was divided into two parts by the manually-digitalized UB, urban and non-urban. Then the polygon feature was converted to a raster feature (raster layer 1). The same procedures were employed to the UB from thresholding of NTL data to obtain raster layer 3. Raster layer 1 was selected as the ground truth image.
The urban area derived from the thresholding method on VANUI image was 1310 km 2 , which was approximately equal to the area of our proposed method. The overall accuracy (84.73%) was lower than that of our proposed method (93.87%). The Kappa coefficient, producer accuracy, and user accuracy of our proposed method exceeded the thresholding on the VANUI image ( Table 3) .
The overall accuracy of OBIA achieved 86.12% and was lower than the proposed method (93.87%). Our proposed method outperformed OBIA in the Kappa coefficient, producer accuracy, and user accuracy (Table 4) . Note: Raster layer 1 is a raster feature which was produced by the manually-digitalized UB (vector features). Raster layer 4 is a raster layer which was produced by the UB from thresholding of VANUI data (vector features). The buffer area was divided into two parts by the manually-digitalized UB, urban and non-urban. Then the polygon feature was converted to a raster feature (raster layer 1). The same procedures were employed to the UB from thresholding of the VANUI image to obtain raster layer 4. Raster layer 1 was selected as the ground truth image. Note: Raster layer 1 is a raster feature which was produced by the manually-digitalized UB (vector features). The buffer area was divided into two parts by the manually-digitalized UB, urban and non-urban. Then the polygon feature was converted to raster feature (raster layer 1).
We chose two representative experimental areas to test the performance in separating continuous urban impervious surfaces from continuous vegetation. The first experimental area was the Banshan National Forest Park (Figure 8a ) and the second one was located at the foot of the green hills-Westlake Scenic Spot (Figure 8b ). The manually-digitalized UB (red line) overlapped with the UB from our method (yellow line) in most regions. We chose another two experimental areas to check the performance in separating continuous urban impervious surfaces from scattered rural impervious surfaces. The pattern of the rural settlements was scattered and the rural settlements usually occupied a smaller area [37] . The continuous and large areas of impervious surfaces represented the urban area. A visual comparison of the left illustration indicated that the UB between the two types of impervious surfaces was evident (Figure 8c ). The pattern of the impervious surfaces became more complicated in the right illustration. Scattered impervious surfaces (site 3) resided between the two blocks of continuous impervious surfaces (site 1 and site 2). Although the boundary was blurred, our method can still delimit it (Figure 8d) . 
Discussion
The Advantages of the CZM Search Mode
Searching abrupt change points along the radius direction from urban centers to rural areas is the common method when identifying the urban extent [42] . This is known as the radius search mode in previous studies. The CZM search mode has the following advantages compared with the radius search mode: Firstly, previous studies have subjectively located the urban center by the position of the local government or the most prosperous region in the city [43] . This requires extra background knowledge about the city. In addition to this, when applying the radius search mode to cities with several municipal centers, the definition of the urban center is ambiguous. Therefore, identifying urban center(s) by the highest NTL DN is more objective. Secondly, mixed zones inside the UB consisting of urban green space, urban waters, or construction lands could be regarded as abrupt change points when applying the radius search mode to TM data. Therefore, these abnormal points should be removed through pixel-by-pixel inspections in previous studies [44] . The CZM search mode enables the abrupt change points to rest in the urban fringe. This makes the search processes more convenient compared with previous studies. Finally, calculating the variance of the VANUI image on the basis of the CZM search mode for searching the abrupt change points is more accurate than using only the attenuation rate of the NTL intensity. Hence, our method combines the advantages of NTL with Landsat 8 imagery. Moreover, the CZM search mode is more in tune with urban spatial patterns. 
Replacement of the Gaussian Filter by the Median Filter
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Searching abrupt change points along the radius direction from urban centers to rural areas is the common method when identifying the urban extent [42] . This is known as the radius search mode in previous studies. The CZM search mode has the following advantages compared with the radius search mode: Firstly, previous studies have subjectively located the urban center by the position of the local government or the most prosperous region in the city [43] . This requires extra background knowledge about the city. In addition to this, when applying the radius search mode to cities with several municipal centers, the definition of the urban center is ambiguous. Therefore, identifying urban center(s) by the highest NTL DN is more objective. Secondly, mixed zones inside the UB consisting of urban green space, urban waters, or construction lands could be regarded as abrupt change points when applying the radius search mode to TM data. Therefore, these abnormal points should be removed through pixel-by-pixel inspections in previous studies [44] . The CZM search mode enables the abrupt change points to rest in the urban fringe. This makes the search processes more convenient compared with previous studies. Finally, calculating the variance of the VANUI image on the basis of the CZM search mode for searching the abrupt change points is more accurate than using only the attenuation rate of the NTL intensity. Hence, our method combines the advantages of NTL with Landsat 8 imagery. Moreover, the CZM search mode is more in tune with urban spatial patterns.
Replacement of the Gaussian Filter by the Median Filter
In the cropped VANUI image, the area with lower values represented vegetation and the area with higher values indicated impervious surfaces. The cropped VANUI image displayed a black and white spatial pattern, which was derived from complex spatial patterns of land covers (see Figure 9 ). The white points and black points had been considered as salt and pepper, respectively, in image processing. There were two types of salt and noise in the urban fringe: (1) scattered rural impervious surfaces and scattered vegetation inside the UB have a strong resemblance to the salt in the background of continuous impervious surfaces; and (2) the salt and pepper noise derived from the heterogeneity of the spectrum in the same type of land cover, such as different types of roof materials and vegetation. We regarded these types of heterogeneity as noise in the UB delineation. The median filter, a nonlinear filtering technique, is good at removing pepper, salt, and speckle noise on the basis of preserving edge-characteristics of images. The Gaussian filter blurs the information while it removes the noise. The comparison of edge information derived from the edge detection method using the two filters was displayed in Figure 9 . We divided the buffer area into two parts by the UB derived from the Canny algorithm with a Gaussian filter: urban and non-urban. Then, the polygon feature was converted to a raster feature (raster layer 5). A confusion matrix in the buffer area between raster layer 1 and raster layer 5 was calculated ( Table 5 ). The accuracy and kappa index demonstrated that the median filter outperformed the Gaussian filter because the median filter was good at removing the scattered rural impervious surfaces and the scattered vegetation inside the UB and the heterogeneity of the spectrum in the same type of land cover (see Figure 9c) . After the removal, the rest of the heterogeneity information (edge information) is the UB between the urban and rural areas. Note: Raster layer 1 is a raster feature which was produced by the manually-digitalized UB (vector features). Raster layer 5 is a raster layer which was produced by the UB derived from the Canny algorithm with a Gaussian filter (vector features). The buffer area was divided into two parts by the manually-digitalized UB: urban and non-urban, and then the polygon feature was converted to the raster feature (raster layer 1). The same procedures were employed to the UB derived from the Canny algorithm with a Gaussian filter to obtain raster layer 5. Raster layer 1 was selected as the ground truth image.
The Suitability of Our Method in Delineating UB
After acquiring the precise UB, we determined that the VANUI DN inside the UB is sometimes confused with that outside the UB (Figure 10 ). Taking two group of samples as an example, sample analysis was conducted on two groups: the first group comprised of site 1 and site 2, and the second group comprised of site 3 and site 4. The areas of site 1, site 2, site 3, and site 4 were 5.82 hectares, 10.64 hectares, 9.24 hectares, and 20.08 hectares, respectively. Statistical analysis showed that the maximum, minimum, and mean value of the two groups of samples are similar. A two-sample Kolmogorov-Smirnov test indicated that there were no statistically significant differences between the two groups of the samples (p value = 0.220, at the significance level of 0.05). The first two sites were covered by impervious surfaces with lower NTL intensity. However, site 3 and site 4 were vegetation-and water-filled, which reflected a large amount of NTL from the nearby buildings. Therefore, it caused the VANUI DN of the two groups of samples to be similar. This situation is very common in NTL studies and still has not been solved because DN values of NTL data recorded in a pixel equals the brightness of the illuminants in the pixel plus the brightness of the reflected NTL from nearby illuminants. However, the respective contributions are not clear so far due to the lack of a well-characterized point spread function (PSF) [25] . The edge detection method pays more attention to the edge information (the contrast among the pixels), instead of the DN value itself. Hence, it is suitable for the UB extraction from the mechanism of the edge detection method. These confusions were indirectly solved, although the mechanism of light transmission is still not clear.
There are two reasons to explain why the accuracy of the UB in Fuyang (a satellite city) is not as good as that of the main city (Table 1) . For one thing, there are no lights in some settlements. Some settlements are uninhabited areas, known by the term "ghost city". This situation makes the value of 7.1 nW/cm 2 /sr inaccurate. For another, the NTL intensity of cities with a high level of socio-economic development is higher than that with a low level. The Fuyang district is far less prosperous than the main city, hence, the value of 7.1 nW/cm 2 /sr is mainly the NTL DN of the urban fringe of the main city rather than the Fuyang district. After adopting our method to only the Fuyang district, the true value of the urban fringe in the Fuyang district is 4.3 nW/cm 2 /sr, which is far less than 7.1 nW/cm 2 /sr. Moreover, as we mentioned in the introduction, a uniform regional threshold would result in the overestimation of large cities and the underestimation of small cities. Therefore, the width of the outside buffer should be larger than that of the inside buffer when applying our method to Fuyang because it is a small city. However, in our experiment, the two buffer widths were opposite. Some scholars divided their study area into several regions with similar socio-economic development characteristics to avoid this mistake for searching the local optimal threshold [6, 45] . The level of social development could easily be acquired through government reports. Cities with similar levels of social development can be processed together when applying our method to a broad-scale application. If the study areas are all megacities, most of the differences between rough UB and precise UB are overestimations. If the study areas are all small cities, most of the differences are underestimations. This way, it will be easier to find the buffer area.
pixel equals the brightness of the illuminants in the pixel plus the brightness of the reflected NTL from nearby illuminants. However, the respective contributions are not clear so far due to the lack of a well-characterized point spread function (PSF) [25] . The edge detection method pays more attention to the edge information (the contrast among the pixels), instead of the DN value itself. Hence, it is suitable for the UB extraction from the mechanism of the edge detection method. These confusions were indirectly solved, although the mechanism of light transmission is still not clear. There are a few limitations to our proposed approach. For example, in megacities, the DMSP/OLS NTL data cannot be applied to our method due to the saturation effect. The CZM search mode cannot be constructed because the NTL DN of the entire urban area in megacities usually reaches the saturation value. Therefore, our method has to focus on the extraction of UB after 2012. Moreover, the buffer area was established through manual work and, thus, it reduces the transferability of our method. In future studies, we will test some methods for the automatic extraction of the buffer area. Fuzzy sets, rough sets, and entropy represent the uncertainty and randomness of the land covers near rough UB. These mathematical tools provide potential for further improving the extraction of the buffer area in the future. The availability of high spatial resolution NTL data from satellites, such as Jilin-1 from China, represent a valuable source of information on spatial patterns of cities at night [46, 47] . It is expected to improve the performance of our approach.
Conclusions
In this study, we combined the advantages of nighttime and daytime data for delimiting the UB, which is a concept that is different from urban impervious surface extraction. The NPP/VIIRS NTL data is good at mapping the rough extent of the urban area. Furthermore, the Landsat 8 data can provide the detailed edge information in the urban fringe as well. CZM, a model based on the attenuation characteristic of NTL data, and a variance-based approach were established for the rough UB and then we refined them using an edge detection method. CZM makes the abrupt change points rest in the urban fringe which is more convenient than the radius search mode in the previous UB delineating studies. The relationship between NTL and variance did not change under different spatial units of the VANUI images. The edge detection method proved to be suitable to derive UB. Our method can be applied to different types of cities, such as polycentric and monocentric cities.
The total urban area of Hangzhou from our proposed method is 1242 km 2 , which is 179 km 2 less than the global-fixed threshold method on NTL data and is 68 km 2 less than the thresholding on the VANUI image. Comparative analyses and accuracy assessments confirmed that our method is as satisfactory as manually digitalizing UB, with an overall accuracy of 93.87%. Our method is especially suitable for UB extraction and successfully tackles the issues of the blooming effect and the underestimation brought on by the inherent flaws of NTL data. Therefore, the spatial application field of NTL has been expanded to the local scale. There is no need to manually delineate UB and the simplicity of this method makes it promising for regularly monitoring and inspecting the urban development once the Chinese government implements the UB management system.
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